Purpose of Review Poor sleep is a risk factor for cardiometabolic morbidity. The relationship of sleep and cardiometabolic health could be confounded, mediated, or modified by diet, yet the incorporation of diet in sleep-cardiometabolic health studies is inconsistent. This rapid systematic literature review evaluates the conceptualization of diet as a confounder, mediator, or effect modifier within sleep-cardiometabolic health investigations, and the statistical approaches utilized. Recent Findings Of 4692 studies identified, 60 were retained (28 adult, 32 pediatric). Most studies included diet patterns, quality, or energy intake as confounders, while a few examined these dietary variables as mediators or effect modifiers. There was some evidence, mostly in pediatric studies, that inclusion of diet altered sleep-cardiometabolic health associations. Summary Diet plays a diverse role within sleep-cardiometabolic health associations. Investigators should carefully consider the conceptualization of diet variables in these relationships and utilize contemporary statistical approaches when applicable.
Introduction
Cardiometabolic syndrome consists of metabolic dysfunction characterized by insulin resistance and impaired glucose tolerance, atherogenic dyslipidemia, hypertension, and intraabdominal adiposity, and is linked to cardiovascular morbidity and mortality [1, 2] . Despite significant progress in diagnosis and treatment, the public health burden of cardiovascular diseases and diabetes is increasing globally [3, 4] .
A myriad of studies have associated diet-dietary quality, dietary patterns, total energy intake, intake of specific foods, macronutrients, and micronutrients-with the development and prevention of cardiometabolic morbidity [5] [6] [7] . Recently, poor sleep quality and short sleep duration have also been related to cardiometabolic health [8] [9] [10] .
Despite their reported independent associations with cardiometabolic health, sleep and diet are in fact strongly interrelated. Moreover, their relationship is likely bidirectional; short sleep duration may lead to higher total energy intake and consumption of less-healthy foods [11, 12] , while at the same time, diet could alter sleep duration and quality [13, 14] . However, only the impact of sleep on diet has been consistently investigated. Robust experimental evidence has shown that poor sleep alters key appetite regulators, leptin and ghrelin, that in turn lead to dysregulated diet [15] .
This article is part of the Topical Collection on Diabetes and Obesity * Erica C. Jansen janerica@umich.edu
The observed bidirectional associations between sleep and diet present a challenge for analysis and interpretation of current studies. Analyses should differ if diet is hypothesized to be caused by or alternatively to cause poor sleep. With respect to cardiometabolic health, this bidirectionality suggests two possible scenarios (Fig. 1 ). For example, experimental studies have demonstrated that restricted sleep increases dietary intake on the following day [12] . Here, diet would act as a likely mediator on the pathway of sleep and cardiometabolic health. In contrast, consumption of a high glycemic index carbohydrate meal before bedtime has been shown to shorten sleep onset [16] , a scenario in which diet would act as a potential confounder. In addition to its potential role as a confounder or as a mediator, diet could act as an effect modifier of the sleep-cardiometabolic health association. For example, an association between short sleep and obesity may be more evident among those with lowquality diets [17•] . Furthermore, diet is a multifaceted behavior that could be measured as total energy intake, diet composition, and meal timing patterns, among others. Each of these dietary measures could have a differential role in the association of sleep and cardiometabolic health.
Despite increasing evidence that link diet and sleep, prior studies have inconsistently included diet in the analysis of sleep and cardiometabolic health. This oversight may threaten internal and external validity of these studies. Importantly, the distinction of diet as a confounder or a mediator requires different analytic strategies; whereas confounders should be accounted for in some way (e.g., through adjusting for them in regression models), it is advised that mediators should not be adjusted for in the analysis. Adjusting for mediators-one form of overadjustment-can lead to bias when certain assumptions are not met, in particular when there are unmeasured confounders of the mediator-outcome pathway [18] . The lack of consensus in the literature on the inclusion or exclusion of diet in the context of sleep and cardiometabolic health, coupled with the increasing evidence that diet and sleep are intertwined, has motivated this systematic review. Specifically, we aimed to (1) examine the incorporation of diet as a confounder, mediator, or effect modifier of the sleepcardiometabolic health associations; and (2) to guide future analyses that plan to incorporate diet in the context of sleep and cardiometabolic health.
Methods
We applied systematic review methodology to conduct a rapid systematic review to examine the role of diet in sleep and cardiometabolic health. Specifically, we performed a systematic search, appraisal, and synthesis of the literature published within the last 5 years, hence a rapid process compared to a traditional systematic review [19] . In addition to significantly decreasing the length of the process, rapid review provides a quick assessment of a focused research question to inform investigators and public health professionals. We used the 2009 Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines to specify the systematic literature search protocol. An experienced health sciences informationist (CS) applied this protocol to systematically search within PubMed, EMBASE (biomedical and pharmaceutical literature), PsycINFO (psychology and behavioral sciences), CINAHL Plus (Cumulative Index to Nursing and Allied Health Literature), and SCOPUS (Sciences, Engineering, Medicine, Social Sciences and some Arts) to identify peer-reviewed studies that examined sleep and diet in relation to cardiometabolic health within the last 5 years.
Search Strategy
The main search strategy, performed in PubMed and translated to other databases, was conducted by searching for selected keywords and medical subject headings in the titles/abstracts (tiab) and MeSH terms (mh) specific to sleep, diet, and cardiometabolic health: sleep [ 
Selection Criteria
This systematic review included peer-reviewed studies of both children and adults that were published in English.
The following exclusion criteria were applied: conference abstracts and duplicate publications; studies within a population with underlying morbidity, e.g., diabetes, obstructive sleep apnea; studies that did not consider both nutrition and sleep in relation to cardiometabolic health; or if sleep or diet were not the primary exposure; studies that considered alcohol or caffeinated beverages as their only dietary variables; or studies that did not evaluate cardiometabolic outcomes or included participants younger than 2 years. Four of the authors (ECJ, GLD, MET, HG) independently assessed the eligibility of the studies by the specified criteria in a two-step process. In the initial screening step, publications were evenly divided among the four authors and were screened based on their title and abstract. In the second step, full-text articles of retained abstracts were reviewed by two or more authors. Any disagreements were resolved through arbitration. At the end of the screening process, there was a full inter-rater agreement among all reviewers.
Results
In total, 4692 publications were identified. Following the first abstract review step, 711 articles were retained. A subsequent assessment of the 711 full-text by multiple authors yielded 60 articles (Fig. 2 ). Of these, 44 used dietary variables strictly as a confounder or independent predictor, 10 studies considered diet strictly as a mediator, 4 studies considered diet only as an effect modifier, while 1 study examined diet both as a confounder and effect modifier and 1 study considered diet both as a mediator and effect modifier.
Diet as a Confounder of the Sleep and Cardiometabolic Health Relationship
Ten longitudinal studies (Table 1) and 35 cross-sectional studies (Table 2 ) considered diet as a potential confounder in the relationship between sleep and cardiometabolic outcomes, or as an independent predictor of cardiometabolic outcomes. Of note, the majority of studies examined sleep duration, either continuously or defined as short sleep according to agespecific guidelines. Similarly, the majority of cardiometabolic outcomes were a measure of adiposity or obesity. Of the prospective studies, half included children [20, 21••, 22-24] while the remaining five studies included adults [25•, 26, 27, 29] or pregnant women [28] . One study examined diet as a confounder and an effect modifier, while another study examined diet both as a mediator and an effect modifier; thus, summing the number of studies in each nutrition category does not match the total number of studies retained (n = 60) Indicates a study where sleep was one of many risk factors (including nutrition) considered for cardiometabolic outcome [24] . In these studies, the primary cardiometabolic outcome was adiposity assessed at follow-up. Adiposity was measured as BMI-for-age z-scores, percent body fat (measured using bioelectrical impedance or dualenergy x-ray absorptiometry), waist-to-height ratio, and/or waist circumference. A range of dietary variables were considered as potential confounders, including diet quality, total energy intake, dietary patterns, and intake of specific foods (e.g., fruits and vegetables, soda intake, hamburgers/hotdogs). These measures were assessed at baseline with food frequency questionnaires [20, 21••, 22] multiple 24-h recalls [23, 24] , or questions on specific foods or dietary habits [22] .
A British study among 3-year-old children found an association between shorter sleep duration and higher adiposity 1 year later [20] , an association that remained unaltered by controlling for diet quality. However, other studies found no association between sleep and adiposity after adjusting for baseline dietary variables and other sociodemographic and behavioral confounders.
Studies in adult populations mostly focused on selfreported sleep duration [25•, 26-29] . In addition to sleep duration, one study included daytime napping [29] . The range of cardiometabolic outcomes assessed in adults included metabolic syndrome, gestational weight gain (in pregnant women), obesity, waist circumference, insulin resistance, and CVD events and mortality. The dietary confounders-measured concurrently with sleep-included total energy intake, dietary pattern intake, specific foods or macronutrients (e.g., fish intake, unhealthy snacks, breads and grains, fruits and vegetables), and dietary habits (breakfast intake, snacking between meals). These studies found that short sleep duration was related to higher incidence of obesity and metabolic syndrome, even after accounting for dietary variables. Indeed, daily napping was associated with a lower incidence of obesity after accounting for dietary confounders [29] .
There were 35 cross-sectional studies (21 in children and 14 in adults) [30-41, 42•, 43-63, 64•] (Table 2 ) diet incorporated as a confounder in the sleep-cardiometabolic health associations. As in the prospective studies, similar dietary confounders were included-total energy intake, dietary patterns, and intake of specific unhealthy or healthy foods. In contrast to findings in longitudinal pediatric studies, most crosssectional reports suggested associations between sleep and adiposity or hypertension [42•] , independent of dietary confounders. Regardless of study design, findings from adult populations were similar, as sleep duration was inversely associated with obesity and cardiometabolic risk after accounting for dietary confounders. Non-linear relations between sleep duration and cardiometabolic risk were reported in some studies that included a longer sleep duration category (e.g., > 8 h sleep duration) in addition to short sleep and sufficient sleep. A U-shape association was reported in four studies [56, 58, 59, 62] , while one study found that only longer sleep (> 8 h) was associated with worse cardiometabolic outcomes compared to those with a 7-h sleep duration [57] .
Diet as a Mediator of the Sleep and Cardiometabolic Health Relationship
Eleven studies evaluated diet as a potential mediator of the sleep-cardiometabolic health relationship, five of which were in pediatric populations [65, 66, 67••, 68, 69] (Table 3) . Within pediatric studies, four were longitudinal studies and one had a cross-sectional design. Sleep duration and sleep timing were examined as determinants of childhood obesity. With the exception of one study [67••] , sleep assessment of children and adolescents was subjective, either self-reported or parent-reported. Potential mediators included total energy intake, macronutrient intake, fast food consumption, diet quality, and food responsiveness (the degree to which a child expresses a desire for food, in particular for highly palatable food) [68] . Evidence of partial mediation was observed in most studies. One study reported that energy intake or macronutrient intake fully mediated the longitudinal association between shorter sleep duration and a subsequent BMI z-score change in children aged 2-6 years old. Only two studies [67••, 68] applied formal mediation analysis to examine direct and indirect pathways-through diet-between sleep and childhood adiposity, while the other four informally evaluated the change in effect estimates upon addition of the mediator/s into the statistical models.
Six adult studies [70•, 71•, 72-74, 75 •], of which five were cross-sectional, examined sleep duration and quality with respect to adiposity or cardiometabolic health. Sleep duration and quality was self-reported in all but one study [72] . The range of cardiometabolic outcomes included BMI, metabolic syndrome, body fat, and visceral adiposity. In these analyses, food groups (e.g., fruits, vegetables, fish, sugar-sweetened beverages), macronutrients, total energy intake, and micronutrients such as carotenoids were evaluated as potential mediators. Three of these studies reported no evidence of mediation by dietary factors, while three observed partial mediation. One study found that vitamins C and D partially mediated the sleep-obesity association, but only in women [71• ]. An Australian report suggested binge eating and night eating as partial mediators of the short sleep and BMI association [75] . Similarly, a Canadian study noted an attenuated association between decreased sleep duration over time and subsequent visceral adiposity gain upon adjustment for energy intake and physical activity [73] . None of these studies applied formal mediation analysis techniques. Indicates a study where sleep was one of many risk factors (including nutrition) considered for cardiometabolic outcome Table 4) . The pediatric studies [39, 69, 77 ••] evaluated interactions between short sleep duration and diet in relation to BMI z-scores. Two longitudinal studies [39, 69] suggested that short sleep duration in combination with diet, either poor dietary quality or high starch intake at midday, were associated with higher than additive BMI z-scores. A Danish crossover study [77••] examined whether short sleep in combination with school lunch change (adoption of a New Nordic Diet school lunch vs. usual packed lunch) would change adiposity. This study suggested that only children with short sleep had gains in adiposity after school lunch changes, while children with long sleep had no difference in adiposity following the dietary changes.
In adult populations, there were three studies that examined diet as an effect modifier of the association between sleep duration and cardiometabolic health in Korean adults [78] [79] [80] . Several authors were involved in all three analyses, and two of the studies used overlapping data from the Korean National Health and Nutrition Survey. Analysis included selfreported sleep duration as the exposure, while adiposity measures and cardiometabolic syndrome were outcomes. Macronutrient intakes, meal skipping patterns, and antioxidant intake were considered as effect modifiers. One of the studies conducted among men only showed that lower intake of antioxidants was associated with higher odds of obesity among short sleepers [79] , while another one of the studies including both men and women showed that a higher intake of carbohydrates and a lower intake of fat was associated with lower odds of obesity among short sleepers. In the third study, researchers found that adults between the ages of 20 and 50 years who reported skipping breakfast in the previous 2 days and having either short sleep (defined as sleeping < 6 h) or long sleep (defined as > 8 h) had higher odds of metabolic syndrome compared to those in the same categories of sleep duration but who reported to have eaten breakfast in the last 2 days [80] . Nonetheless, in these studies, the statistical methodology of the interaction analyses was unclear.
Conclusions
This unique systematic review performed a rigorous evaluation of the conceptualization and analytic approaches implemented to incorporate diet within sleep and cardiometabolic health investigations. This assessment showed that the majority (two thirds) of studies considered dietary variables as potential confounders, while only a few assessed dietary variables as mediators or effect modifiers of the sleep and cardiometabolic health relationship. Considerable evidence-particularly in pediatric populations-suggested that diet mediates the sleep-cardiometabolic health pathway, raising the possibility that the dietary variables previously used as confounders were in fact mediators. Therefore, investigators should carefully consider the conceptualization of diet variables in sleep-cardiometabolic health relationships and utilize contemporary statistical approaches when applicable.
As confounders, the most common dietary variables considered were total energy intake, dietary quality scores or dietary patterns. Of note, these dietary variables are known to be affected by sleep [81] , thus potentially mediate the pathway from sleep to cardiometabolic health. Adjusting for a mediator on the causal pathway could cause an attenuation of effect estimates, but not necessarily [18] . In the worst-case scenario, this overadjustment may lead to invalid study estimates. The results of this potential overadjustment were inconsistent in the studies identified; in some studies, adjustment for diet and other potential cofounders attenuated effect estimates. Interestingly, the largest impact of dietary variables on sleep and cardiometabolic health associations was observed in prospective studies within pediatric populations. These results may represent age-related heterogeneity of sleep and diet associations.
Despite the suggested impact of diet on sleep and cardiometabolic health associations, the independent effect of dietary variables could not be separated from that of other confounders as most studies implemented simultaneous adjustment strategies. In contrast, sequential adjustment of potential confounders would allow to disentangle the impact of each additional variable (or a set of variables) on the effect estimates of interest. Further, the concurrent measurement of sleep and dietary variables presents another major limitation as it hinders temporal assessment of the examined associations.
Eleven studies evaluated dietary variables as potential mediators in the pathway between sleep and cardiometabolic health, with mostly supportive evidence. Similar to confounding dietary variables, the most common mediating dietary variables included total energy intake and unhealthy dietary patterns. Further, the impact of mediating dietary variables on effect estimates was again stronger in pediatric populations compared with adult studies. This may suggest that in adults, additional mediators in the pathway of sleep and cardiometabolic health, such as physical activity or altered metabolism [82] , could exert a stronger indirect effect relative to dietary variables. Nonetheless, pediatric and adult study design heterogeneity may further explain the differential strength of dietary variables as mediators. Indeed, evidence from the pediatric populations was mostly obtained prospectively, while adult studies were mostly cross-sectional and thus subjected to reverse causation bias. In investigations of diet as a mediator, perhaps the main concern was the use of informal mediation analysis by most of these studies, which threatens internal validity of the reported results.
Finally, only six studies evaluated dietary variables as effect modifiers of sleep and cardiometabolic health associations. In children, associations between dietary variables and adiposity were more apparent among children with short sleep (based on age-specific recommendations). While adult studies echoed the pediatric findings, they lacked formal statistical tests of interaction, objective assessment of sleep, and temporal examination of sleep and cardiometabolic health. Although statistical interactions are not necessarily reflective of true biological interactions, underlying sleep-induced metabolic perturbations could alter diet and cardiometabolic health associations. In support, experimental evidence showed that disrupted sleep schedules or a "cafeteria diet" alone in rats did not influence weight gain over a 12-week period; yet, the combination of disrupted sleep and a "cafeteria diet" caused weight gain and metabolic disruption in these rats [83] .
Beyond the specific aforementioned analytical limitations, overarching methodological pitfalls could affect study validity regardless of the role of diet in these associations. First, measurement challenges pose a significant threat to internal validity, as sleep and diet were mostly self-reported, thus likely plagued by both random and systematic errors. Indeed, poor measurement of diet could explain the mild or null impact of dietary variables as confounders or mediators in some reports. Second, sleep and diet are multifaceted behaviors with possible differential effects on cardiometabolic health. Yet, most studies focused on sleep duration but not sleep quality, timing, or weekday/ weekend variability. Similarly, dietary variables mostly included measures of overall diet-e.g., total energy intake, diet patterns, diet quality-rather than meal timing or composition. Third, the majority of studies reported diet as either a confounder, mediator, or effect modifier in relation to sleep and cardiometabolic health without considering the possibility of different multiple roles of diet, depending on the food/nutrient. Certain aspects of diet may act as confounders (e.g., caffeinated beverages) while others (e.g., fast food consumption) could mediate the pathway from sleep to cardiometabolic health. Fourth, over the course of a longitudinal study, diet is likely to change; however, in none of the studies was diet evaluated as a time-varying confounder.
This systematic review fulfills a significant literature gap as it critically evaluates the incorporation of diet as a confounder, effect modifier, and mediator in sleep and cardiometabolic health associations. These findings will guide ongoing and future nutritional and epidemiological investigations. In particular, they may drive future investigations aimed to elucidate the complex associations between sleep, diet, and cardiometabolic health. As an additional strength, this rapid systematic review synthesizes the most recent studies, which ensures representation of the current knowledge and analytic techniques. Finally, careful attention was paid to causal inference implications. Namely, prospective studies were prioritized over cross-sectional, evaluation of the appropriateness of the statistical techniques and their applications was highlighted, and other important confounding factors such as age, sex, and physical activity were considered. Nonetheless, some limitations remain: as part of the dietary factor evaluations, alcohol and caffeine intake were excluded, as were publications written in languages other than English.
As researchers continue to uncover the sleep-related determinants of cardiometabolic health, the essential role of diet should not be overlooked. In light of the increasing evidence that diet could mediate the causal pathway between sleep and cardiometabolic health, we caution against habitual adjustment of dietary variables and instead recommend a careful consideration of the diverse role that dietary variables play in these associations. In addition, to evaluate the independent role of diet on sleep-cardiometabolic health associations, crude study estimates should be shown first, followed by sequential adjustment for potential confounders and then dietary variables. Finally, the use of advanced statistical techniques, particularly formal mediation methods and the consideration of time-varying confounding, could help to shed light on the directionality of sleep and diet associations and their impact on cardiometabolic health. Ultimately, a more careful consideration of diet in the sleep-cardiometabolic health association is instrumental to the elucidation of pathways linking modifiable behaviors with cardiometabolic health.
